The goal of this work is the design of efficient infrared radiation detectors based on InAsSb compounds with two energy barriers around the absorber region. Two types of two-barrier detectors that work in the 3-5.5 μm wavelength range at 230 K is designed. Using our computer program to iteratively solve the Poisson equation, the spatial distribution of energy band edges in III-V heterostructures was calculated The influence of lattice stress, bending of the structure and doping on the energy shift of the edge of the bands is considered. Lattice strain is the cause of the formation of the misfit dislocations at the boundaries of the individual layers of the heterostructure. These dislocations partially relax the resulting stress and affect the lattice deformation in individual layers. From the minimum elastic energy condition, the density of these dislocations is determined. It has been shown that the band offset can be eliminated in the areas of both barriers in the designed two-barrier detectors.
Introduction
In recent years, we have been observing the development of theoretical and technological research on heterostructures from InAsSb intended for the construction of infrared detectors -see for example, works (Klipstein et al. 2012; Craig et al. 2015 Craig et al. , 2016 Ting et al. 2016; Gomólka et al. 2017) . Of interest are InAs 0.75 Sb 0.25 structures used for the construction of uncooled or thermoelectrically cooled infrared detectors in the range of 3-5.5 μm (middle wavelength infrared radiation (MWIR)). These detectors are manufactured for example, by Hamamatsu, and Vigo System SAcompanies. Despite the fact that there are a few percent misfit of lattice constants between the InAsSb layer and GaAs or GaSb, the latter two materials are most often used as substrates. The resulting lattice stress induces significant lattice strain in the heterostructures. To design infrared detectors based on the above mentioned heterostructures, we must consider the effect of these deformations on the physical properties of the individual layers. The situation is further complicated by the deposition of additional layers acting as energy barriers for electrons or holes (Klipstein et al. 2012 ). Strain causes a fractional volume change that implies the change in the width of the energy gap. In addition, shear strain splits and lines up the valence bands and the indirect conduction bands. Although the problem is important for technologists and designers of infrared detectors, it is difficult to find a recent work in which it would be analyzed. The problem of lattice strain was, however, analyzed in the case of a superlattice (Smith and Mailhiot 1987; Plis et al. 2010 ). Assumption of a pseudomorphic interface enables for a simple determination of strain in the individual layers of the heterostructure. Usually, however, the deformations are much smaller than anticipated. The reason for that are misfit dislocations generated in the areas of interfaces. This problem is described in detail in our previous work devoted to InAsSb heterostructures deposited on a GaAs substrate . In that paper we obtained expressions on the shift of the edge of the conduction band and of the valence band caused by doping, the lattice strain and the bending of structures. Additionally, from the minimum elastic energy condition, we determined the density of misfit dislocations in individual interfaces of the heterostructures. We verified our calculations by comparing them with experimental results obtained by (Kim and Razeghi 1998; Xie et al. 2018) . In this work, we use the same methods as in our work . We refer to that publication for their detailed descriptions.
The aim of this work is to design two-barrier detectors from InAsSb heterostructures, taking into account the influence of the lattice strain and misfit dislocations on their band structure. We are not aware of any papers in which this problem would be considered.
The key to designing two-barrier detectors is to determine, (in thermal equilibrium conditions), the spatial distribution of the apex of the valence band and the valley of the conduction band. In III-V compounds, the character of the energy gap may change, depending on the molar composition and temperature. Therefore, the minimum of the conduction band with the points Γ, X and L of the Brilouine zone should be considered (Vurgaftman et al. 2001) . In turn, to correctly calculate the spatial distribution of the electrostatic potential, which has a fundamental influence on the spatial distribution of the energy band edges, we must consider the concentration of various types of carriers occupying different energy bands. We calculate the electrostatic potential by solving numerically the Poisson equation, using an iterative method (Jóźwikowska 2008) .
Heterostructures designed in this paper consist of a substrate made from a weakly doped GaSb or GaAs. As the buffer layer, we used a heavily doped n type InAs. The weakly doped p type InAs 0.25 Sb 0.75 absorber is surrounded by thin AlAsSb layers, separating the absorber from the buffer layer and the heavily doped thin layer of the p type InAs cap layer. AlAsSb layers act as energy barriers for electrons or holes depending on the type of dopants they contain. They should be strongly doped.
Then, polarizing structures in the reverse direction (similarly as it happens for structures with HgCdTe (Jóźwikowski and Jóźwikowska 2019), we can cause the effect of exclusion and extraction of charge carriersin the absorber area, which will reduce the concentration of carriers in the absorber area (Ashley and Elliott 1985; White 1988) . As a result, the carrier generation rate and the recombination rate are suppressed, the generation-recombination (G-R) noise is reduced and the quantum efficiency and detectivity are increased.
A two-barrier detector working in a non-equilibrium mode of operation (NEMO) can be an alternative to structures with an absorber made of a superlattice of type II. The superlattices are used to limit the Auger G-R processes. There is a small mobility of electrons in superlattices, which may be an obstacle to obtaining high-performance detectors. In addition, two-barrier detectors are much easier to grow than the superlattices.
The main problem, in the case of barrier detectors, is the occurring band offset in the areas where the absorber meets the barrier areas. Its effective elimination is the key to making high-performance detectors. Band offset is limited by the appropriate selection of gap width and doping of barriers and areas surrounding the absorber.
Designing heterostructures with an appropriate band structure is the purpose of this work.
Numerical method and results of calculations
In this work we analyze two uncooled cylindrical mesa two-barrier detectors, (Fig. 1) with the surface area of 250 µm 2 . The InAs 1−x Sb x epitaxial layer is grown on a 300 μm-thick GaSb (structure A), or GaAs substrate (structure B). Spatial distribution of mole fraction and dopant concentrations in epitaxial layers are shown in Fig. 2 . Figure 2 and all the remaining figures present the distributions of parameters of these heterostructures and selected physical quantities as functions of thickness along the axis of symmetry shown in Fig. 1 .
Heterostructures from HgCdTe have the lattice constants very well-matched. The difference between the lattice constant of HgTe and CdTe is only 1.5 × 10 −2 Å (Capper and Garland 2011) . Therefore, when designing HgCdTe heterostructures, one usually neglects lattice stress, which is small. When we look at Figs. 3 which show the values of the lattice constant in the A and B structures, we notice that the differences in lattice constants A of individual layers are at least an order of magnitude higher than for the heterostructures with HgCdTe. This is the reason for the occurrence of large lattice stress causing large lattice strain. Internal forces shown in Fig. 4 cause such deformations of the lattice in the planes of growth of the heterostructures (marked as xz) that the lattice constant in all the heterostructure is the same and is equal a ∥ . In , we derived the formula for a ∥ in the mesa cylindrical structures. For the structure in Fig. 4 , it equals: The structure shown in Fig. 4 is not in static equilibrium despite the balance of internal forces. Only the bending enables achieving the balance of momenta of the internal forces due to the appearance of an additional stress, which partially changes the stress responsible for the formation of a pseudomorphic structure (constant a ∥ ). Some of the layers are subject to an additional tensile and some to an additional compression. Bending of the structure enables for example such situations as shown in Fig. 5 , where lower layers are compressed, and the upper ones are tensed. The total sum of the vertical components of forces dF y = dFsin 2 in the base of the mesa and dF y = dFsin 1 in the upper part should also be zero under equilibrium conditions. The parameters to be determined are the radius of curvature R and h b the distance of the undeformed layer from the base of the heterostructure. These quantities were derived in our earlier paper : where a(y) denotes the lattice constant in the structure without stress. It is strongly documented experimentally, that to partially relax biaxial stress, dislocations created form a matrix with equally spaced dislocation lines which are mutually perpendicular to each other. Their schematic diagram for the heterostructure analyzed in the paper is shown in Fig. 6 . Following (Gosling et al. 1993 ), we adapted their method for a multi-layer structure consisting of several layers (differing by the lattice constants) and interfaces being the places of the generation of misfit dislocations. Figure 7 shows the diagram of the photodiode analyzed by us. We described it in detail in .
The elastic energy per unit area, Ě , of the heterostructure is expressed by the dependence [after (Gosling et al. 1993; Jóźwikowska et al. 2019 ): To calculate the minimum of the energy Ě we numerically determined the values of p 1 , p 2 , p 3 , p 4 and p 5 . If the epitaxial layer contains dislocations with the average inter-dislocation p, the expression for strain becomes (Jain et al. 1992 (Jain et al. , 1997 Gosling et al. 1993; Jóźwikowska et al. 2019) where b 1 = −bsin sin and b is the magnitude of the Burgers vector, h i is the y coordinate of the i-th interface, k is selected so that h k < y . a(y) is the lattice constant in the layer without stress. The above values of b 1 are valid for dislocations marked as Δ (Fig. 7) , while for dislocations marked as ∇ , b1 has an opposite sign (Jain et al. 1992 . For 60° dislocations = arctg
Generally, dislocations reduce the lattice strain. However, it is possible that in some areas of the heterostructure they increase the strain or change its character from tensile to compressive or vice versa, in such a way that the minimum elastic energy in the whole structure is reached. Figure 8a shows the spatial distribution of the lattice strain in the GaSb substrate (structure A) with a thickness of 300 µm. Figure 8b describes the GaAs substrate of the same thickness (structure B). The layers were deposited on these substrates whose spatial distribution of the molar composition and doping is depicted in Fig. 2a, b , respectively. The figures also show the values of the parameters R and h b . Much greater lattice misfit between GaAs and the epilayer than for GaSb is the cause of higher bending and the strain more than an order of magnitude bigger in GaAs. Figure 9 show the spatial distribution of strain in epitaxially deposited structures A and B. In the absorber layer, both in structure A and B, strain is compressive and amounts to about 0.75-0.8%. This causes an increase in the energy gap around 0.05 eV Generated dislocations in structure A reduce strain in the absorber area, and in other areas they cause its slight increase. In the entire epitaxial layer of structure B, strain is compressive, and dislocations everywhere reduce these deformations. However, both in the region of the two barriers and the cap layer, the dislocations cause changes in the kind of a strain. Figure 10 show the average lattice strain in the absorber area as a function of thickness of the InAs buffer for three selected substrate thicknesses. The relationship shows an oscillatory character. In the structure A, along with the thickness of the buffer, the compressive strain increases in the absorber area. In structure B, compressive strain increases with increasing the buffer thickness to 8 μm, and then it decreases. For structures with thinner substrates, it is possible to change the nature of strain to tensile strain. Figure 11 presents the spatial distribution of lattice strain in the substrate of a structure with a thickness of 200 μm. The bending radius is only 9 mm and the height h b = 107 μm. The bending of the structure is very strong, the compressive strain in the lower part of the substrate and the tensile strain in the upper part are of the order of 1%.
A layer with a 10 µm thick buffer was deposited on this substrate. Figure 12 shows the spatial distribution of the deformations in this layer. The resulting stress generates misfit dislocations of high density in the interface of the buffer-substrate and the buffer-barrier 2. Dislocations reduce stress and cause changes in the character of strain. In the absorber area, they now have very small values below 0.5%. The lattice strain caused by the lattice misfit has a strong impact on the energy bands' shifting. Hydrostatic strain leads to the band shifts expressed by relation:
Here E V,av is the average of three uppermost valence bands at Γ introduced by (Van de Walle 1989 ). E C is the edge of conduction band.
Direct conduction bands (at Γ) are nondegenerate and therefore are only subject to hydrostatic strain shift. Shear components of the strain can have a profound effect on degenerate bands. They lead to splitting of the valence bands (and of indirect conduction bands) which are well-described by a deformation potential theory and were discussed by (Van de Walle 1989) . The strain splittings themselves are proportional to the magnitude of the strain and are well-described in terms of deformation potentials. For strain along [001], the following shifts are calculated with respect to the E V,av (as in Van de Walle 1989) -0 8 .
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Here k is the shear deformation potential and Δ o is the spin-orbit splitting. In semiconductors where the band gap is indirect (in AlAsSb) Because there are six equivalents 0, 0, 1 directions, the conduction-band valleys all coincide in the equilibrium but can be split by the application of strain in appropriate directions. In that case as shown by (Van de Walle 1989) the value E C should be considered as an average over the conduction-band valleys in spatially distinct directions. This average is shifted due to hydrostatic strains, using the values a C for indirect energy gap listed in (Van de Walle 1989). All parameters for the ternary compounds analyzed in this work depend on their molar compositions according to the relationships given in the work (Vurgaftman et al. 2001) , or the references therein. Figure 13 shows the influence of strain ε ∥ on the position of the band edges in the absorber. Calculations made by us based on the relations obtained in (Van de Walle 1989; Jóźwikowska et al. 2019) . As one would expect, compression strain increases the width of the energy gap and stretch decreases it. In this work, we considered the influence of lattice strain on the position of the edges of the bands in the whole heterostructure. In addition to lattice deformation, also the electric potential affects their position. To determine the electric potential distribution, we must solve the Poisson equation.
The calculation procedures for E V,av for ternary compounds are presented in (Van de Walle 1989). -6 90 .
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strain,ε is the value of minimum of conduction band. Next we solve the nonlinear Poisson equation (Jóźwikowska 2008 ) to obtain the spatial distribution of electrical potential and, eventually, the distribution of the edge of conduction and valence bands Boundary conditions for the Poisson Eq. (14) , p lh , p hh , n , n X andn L , are the concentration of ionized donors, ionized acceptors, holes in the light hole band, holes in the heavy hole band, electron concentration in the valley Γ , in the X valleys, and in the L valleys, respectively. is the static dielectric permittivity (Adachi 2005; Vurgaftman et al. 2001) , 0 the dielectric permittivity of the vacuum, and Ψ denotes the electrostatic potential. Concentrations of carriers and ionized dopants are calculated from standard dependencies (e.g. Blakemore 1962; Look 1989; Singh 1993) :
where k is the wave vector, h is the Planck's constant, F the Fermi Energy, k B is the Boltzmann constant, T the temperature, m * l and m * t are the longitudinal and the transverse effective masses at the X and L valleys. E X C and E L C are the electron energy at the X and L valley, respectively. E k is the kinetic energy. E hh and E lh are the heavy hole and light hole energy, respectively. E D is the ionization energy of donors and E A is the ionization the energy of acceptors. Considering the influence of lattice strain and using the Kane's model (Kane 1957) , we get:
where P is the momentum matrix element and m 0 is the rest electron mass.
Standard expressions for energy in the remaining bands after considering the influence of deformations, are expressed as follows:
The condition of local electrical neutrality makes it possible to determine the initial values of the electric potential 0 By solving the Poisson Eq. (14) and considering the shift of the band edges (Eqs. 12 and 13), the spatial distribution of the band structure in the analyzed epitaxial layers was determined. This is shown in Fig. 14a, b (solid lines) . In addition, we showed how the band structure distribution would look like if we did not consider the influence of the lattice strain (dashed lines). Choosing the suitable molar composition and the level of doping layers, two-barrier detectors were designed in which the band offset was eliminated. The occurring strain move the edges of the energy band completely differently than in the case of structure B shown in Fig. 14b . Figure 15 shows the distribution of the band structure in the layer B, in which the InAs buffer has a thickness of 10 μm and the substrate GaAs has a thickness of 200 µm.
As we can see, by choosing the right thickness of the substrate and the buffer layer, one can affect the size and nature of the lattice strain, and thus affect the spatial distribution of the band structure. Due to large differences in the lattice constant between various layers of the heterostructures from A III B V compounds, the occurring lattice strains are so significant that when designing heterostructures, it is necessary to include their influence on the position of energy bands.
Conclusions
The main purpose of the work was to design two-barrier detectors with InAsSb for 3-5, 5 μm wavelength range, working at 230 K temperature. We proposed two solutions of two-barrier detectors in this work. We pointed at the need to conduct enhanced numerical modeling considering the impact of lattice strain on the structure. Applying the heterostructure, that coals the buffer layer and the cap layer from InAs and the absorber from InAsSb, one can build a two-barrier MWIR detector operating at 230 K. As barriers, one can use strong doped thin layers with AlAsSb, which allows to eliminate the band offset. From the minimum elastic energy condition, we determined the density of the misfit dislocation in the individual interfaces of the heterostructure. This allows to estimate the partially relaxed lattice stress and strain. As dislocations affect the generation and recombination processes, both the places where they occur, and their density significantly affects the performance parameters of the designed detectors. In this article, apart from pseudomorphic deformations, we considered the bending of heterostructures. In addition, we found a numerical method to determine the density of misfit dislocations at the interfaces of all layers of the heterostructures. We consider this to be the most important element of the novelty in our article.
The most important practical achievement is the ability to design infrared detectors taking into account the influence of the lattice strain and misfit dislocations on their parameters.
